Fetal Diagnosis
""Therapy

Fetal Diagn Ther 2008;24:203-210
DOI: 10.1159/000151339

Received: April 17, 2007
Accepted: June 22,2007
Published online: August 28, 2008

In vivo Intrauterine Sound Pressure and
Temperature Measurements during Magnetic
Resonance Imaging (1.5 T) in Pregnant Ewes

E. Ruckhiberle? S.G.Nekolla? C.Ganter¢

K.T.M. Schneider?

A. Peterh

A.Raidt? L.Kovacs® S.J.Brockmeierf M.Schwaiger® R.Oberhoffer9

N.A. Papadopulos®

Departments of ?Perinatal Medicine, °Nuclear Medicine, Radiology, 9Experimental Surgery, and

ePlastic and Reconstructive Surgery, fSection of Phoniatrics and Pedaudiology, Department of Otolaryngology,
Klinikum rechts der Isar, Technical University Munich, Department of Paediatric Cardiology,

Kinderklinik Schwabing, Technical University Munich, Munich, "Department of Electrical Engineering,

HTW University of Applied Sciences Dresden, Dresden, Germany

Key Words

Amniotic fluid - Intrauterine sound pressure -

Fetal auditory system - Magnetic resonance imaging -
Radiofrequency energy - Specific absorption rate

Abstract

Objective: To investigate the influence of several magnetic
resonance imaging (MRI) sequences on amniotic fluid tem-
perature and intrauterine sound pressure. Material and
Methods: Temperature and sound pressure measurements
during MRI (1.5 T) in pregnant ewes were done. Linear levels
and third octave band spectra were compared. Results: No
significant changes in the temperature of amniotic fluid
were observed. Intrauterine summation levels reached peak
levels up to 103.0 dB(A) before starting the MRI sequence
and levels up to 116.0 dB(A) during a real-time sequence.
Evaluating the octave band spectra, peak levels did not ex-
ceed 100.0 dB(L). Conclusions: Our delimited data revealed
no harm for the fetus by an increase in amniotic fluid tem-
perature or hazards for the fetal auditory system by different

MRI sequences. Copyright © 2008 S. Karger AG, Basel

Introduction

Although B-mode and Doppler ultrasound imaging
are the most commonly used techniques in prenatal di-
agnosis, disadvantages like low tissue contrast and dif-
ferentiation have resulted in the use of new applications
and techniques. Favorable characteristics such as missing
radiation exposure, high detail accuracy, possibility of
volume imaging and low inter- and intraobserver vari-
ability have resulted in a wider use of magnetic resonance
imaging (MRI) in obstetrical diagnosis [1-5].

Because of these advantages, MRI gains scientific in-
terest in pre-, peri- and postnatal diagnosis both for fetal
as well as maternal imaging [1, 5-7].

Echocardiography is the clinical mainstay in assess-
ment of the fetal heart; however, it is not a true three-di-
mensional imaging modality and can be constrained by
acoustic windows [8, 9, 11]. To overcome these problems,
MRI has been increasingly used in prenatal structural
evaluation of abnormalities of the fetal heart beginning
in the late 1990s. This was enabled by new techniques like
rapid imaging, real-time sequences, velocity mapping
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and angiography [10-13]. Recently, even functional MRI
evaluation of the fetal heart has been described [12].

However, before these advances and new techniques of
MRI can be routinely used in obstetrical diagnosis, a re-
evaluation of safety aspects, in particular increase in am-
niotic fluid temperature and the effect on fetal hearing is
essential.

Although former investigations found no significant
increase in the temperature of the amniotic fluid with
HASTE sequences [14, 15], these results had to be ap-
proved for real-time sequences.

There exists some but not much consolidated knowl-
edge about fetal hearing.

We aimed to investigate the influence of several MRI
sequences, especially real-time sequences, on amniotic
fluid temperature and intrauterine sound pressure levels.
Within this experimental setup, a risk calculation for fur-
ther use of MRI in fetal diagnosis was the target of the
presented study. To achieve this, we performed intrauter-
ine temperature and acoustic measurements at three dif-
ferent imaging sequences using an animal model.

Material and Methods

Animal Studies

For our experiments we used the sheep model, which is a well-
established animal model in intrauterine surgery. Our objective
was to measure temperature and sound pressure levels inside and
outside the uterus. The comparison of external and intrauterine
levels allows an estimate of possible attenuation of levels through-
out the abdominal walls. An additional comparison of an intra-
uterine measurement without and with running MRI sequences
should not only assess the ‘background noise level’ inside the
uterus but also highlight the ‘real” influence of the particular se-
quence on the intrauterine pressure levels. The comparison of the
octave bands of sound with and without MRI sequence has the
potential to approximate risk estimation for fetal hearing.

After ethical approval by the Technical University Munich
and the Bavarian Government, pregnant ewes at a gestational age
of 120 days were anesthetized [for details on the anesthesia, see
16, 17]. After laparotomy and hysterotomy, a hydrophone (Type
8103; Briiel & Kjaer®, Naerum, Denmark) and a temperature sen-
sor (T430-4L; AMR®, Holzkirchen, Germany) were introduced
into the uterus and placed near the fetal ear. The dimensions of
the hydrophone are as follows: length = 50 mm, diameter = 9.5
mm and an attached shielded Teflon cable with a length of 3 m.

After closure of the abdominal walls and bedding of the nar-
cotized ewe into the MRI tomograph (Sonata™, B = 1.5 T, Siemens
Medical Solutions, Erlangen, Germany) the readings started.
Overall, two measurements with two different ewes on two dif-
ferent days were carried out.

We measured external and intrauterine sound pressure levels
before starting the imaging of the MRI system (background refer-
ence) and during three different MRI sequences. Reference re-
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cording without MRI sequence was performed to estimate the
amount of background noise level, composed of bowel move-
ments, respiratory and cardiac activity.

In parallel to the intrauterine readings, external temperature
was measured using a temperature sensor T430-4L (AMR) in
combination with the ALMEMO 2290-8 system (AMR). Data
storing and triggering of the internal and external temperature
measurements were controlled with the acquisition program
AMR Win Control™ V3.3.0 (AMR). Due to interferences be-
tween the Ni-Cr temperature sensor and the magnetic field, we
were able to measure temperature only before and after imaging
for 2 min, while sound pressure was measured during the se-
quence.

External sound pressure levels were recorded by a condenser
microphone (type 4190; Briiel & Kjaer). The two signals of the hy-
drophone and the microphone were amplified by a 2-channel mi-
crophone amplifier (type 2669L, Briiel & Kjaer) and finally dubbed
to, and postprocessed by the signal analyzer system Pulse 3560C
(Briiel & Kjaer). The filter of the amplifier was set to f; = 50 Hz
and f, = 6.4 kHz. All sound pressure levels were referenced to the
reference pressure pg = 20 pPa.

Out of the absolute levels, equivalent continuous sound levels
are A-weighted [L.q(A)] and calculated by the measurement sys-
tem Pulse 3560C (Briiel & Kjaer). The system measured the com-
plete third band spectra of A-weighted and linear (L) sound pres-
sure levels L,

The measure system was calibrated before and after each mea-
surement with a piston phone (Sound Level Calibrator Type 4231,
Briiel & Kjaer) to an L, of 94 dB by a frequency of 1 kHz.

Magnetic Resonance Imaging

We selected three imaging sequences with distinct differences:
the HASTE whisper sequence was optimized for morphological
imaging while minimizing the acoustical effects of gradient
switching in order to provide a maximum of patient comfort. The
second sequence was a fast HASTE sequence with reduced sensi-
tivity of motion artifacts while also focusing on morphological
imaging. Finally, an ultra-fast real-time true FISP imaging se-
quence was used for imaging of moving structures in the fetus,
(e.g. the heart as no direct ECG signal of the fetus is available).
However, such a trigger signal is mandatory in conventional car-
diovascular MR imaging as otherwise severe motion artifacts are
observed. Thus, a nontriggered, real-time sequence might pro-
vide an approach in such a setting.

The technical parameters of all three sequences are summa-
rized in table 1.

Results

In the temperature measurements, we found a de-
crease in intrauterine temperature between measurement
before (38.18°C) and after one sequence (38.21°C; see
tig. 4). The observation of the temperature over the course
of measuring from the beginning of our experiment
(38.18°C) until the end after the third sequence (38.27°C;
tig. 1b) had shown essentially no increase. The AT of
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Fig. 1. a Temperature-time diagram of the intrauterine temperature before (thick line) and after the HASTE
whisper MRI sequence (thin line). b Temperature-time diagram of the intrauterine temperature before (thick
line) and after all three MRI sequences consecutively (thin line).

Table 1. Summary of the imaging parameters of the three used sequences

Sequence TR TE Flip angle ETL Bandwidth Slice thick- Field of view Matrix

ms ms Hz/pixel ness, mm mm X mm
HASTE whisper n/a 83 90° 143 130 4 400 x 400 143 X 256
HASTE fast n/a 75 90° 143 130 4 400 x 400 143 X 256
True FISP real-time 2.5 1.1 40° n/a 1,345 10 400 x 400 79 X 128

0.09 K is in the measuring tolerance of the device and
seems to be a quantization deviation [18].

Intrauterine peak (Ly.,) levels were 106.0 dB(A) for
the HASTE whisper, 110.0 dB(A) for the HASTE fast and
116.0 dB(A) for the real-time true FISP sequence. In nei-
ther case were external levels higher than intrauterine
levels (fig. 2).

In addition to comparisons of external and intrauter-
ine levels, an assessment of the ratio between normal in-
trauterine background sound and the amount of intra-
uterine sound during the different MRI sequences was
made.

Within the reference recording before running se-
quence, a fairly homogenous sound with intrauterine
Lmax levels of up 103 dB(L) and external L,y levels of 62
dB(L) were recorded (fig. 2 ). Third octave band analysis
of these intrauterine hydrophone recordings showed only
in the very low frequency area below 63 Hz higher L,
levels up to 97 dB(L). This might be explained by the fre-
quency of alternating current of the power supply system

Intrauterine Sound and Temperature
Measurement

(50 Hz). For higher frequencies, L.« levels did not exceed
85 dB(L).

In the comparison of summation pressure levels be-
fore and in run time of the sequence, we observed AL of
3 dB(L) for HASTE whisper, AL of 7 dB(L) for HASTE
fast and AL of 13 dB(L) for true FISP inside the uterus,
while external recordings yielded AL of 28 dB(L) for
HASTE whisper, AL of 40 dB(L) for HASTE fast and AL
of 38 dB(L) for true FISP (fig. 3a, 4a, 5a).

Apart from summation pressure levels, we investigat-
ed third octave bands of internal and external recordings
and compared these recordings with measurements be-
fore the MRI sequences (fig. 3b, 4b, 5b).

Analysis of the third octave band of these recordings
resulted in highest differences (AL = 28 dB) in the low-
frequencybands (between 100and 200 Hz) forthe HASTE
sequences. The highest differences (AL = 34 dB) were ob-
served in the frequency bands from 250 to 4,000 Hz for
the true FISP sequence.
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Fig. 2. Pressure level (linear weighted)-time diagram of the exter-
nal microphone recordings (lower tracing) and the intrauterine
hydrophone recording (upper tracing) for three MRI sequences.
a HASTE whisper; note the switch on/switch off phenomenon of
the MRI sequence. b HASTE fast. ¢ True FISP.

Evaluating the third octave band frequency, dependent
peak levels were mostly found at f;, = 50, 800 and 1,600
Hz.

For the HASTE whisper and the HASTE fast sequence,
intrauterine L, levels never exceeded 100 dB in an f;, be-
low 500 Hz (fig. 3b, 4b). Frequency-dependent peak levels
in the frequency band below 500 Hz were L, (100 Hz) =
95 dB(L) and L,, (50 Hz) = 99 dB(L) for the HASTE whis-
per and L, (100 Hz) = 92 dB(L) and L,, (50 Hz) = 98 dB(L)
for the HASTE fast.

Intrauterine levels were lower in the real-time se-
quence compared with the two other sequences in the
critical f,, band below 500 Hz. Reached L, levels were 98
dB at an f,;, of 500 Hz (fig. 5b). For the higher £, above
1 kHz, intrauterine L, levels exceeded 100 dB with a max-
imum L, of 110 dB at an f, of 2 kHz.

Analysis of the pressure level difference in the fre-
quency band from 63 to 250 Hz has shown little variation
between reference recording and recording during the
real-time sequence. A AL of 22 dB(L) was recorded for the
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HASTE sequences. In the frequency band from 250 to
1,000 Hz, AL grew up to 25 dB(L) for the HASTE and
more than 30 dB(L) for the true FISP sequence.

Discussion

The objective of our experiments was to re-evaluate
risks of different MRI sequences on intrauterine amni-
otic fluid temperature and on fetal hearing. To our knowl-
edge, this is the first report of an animal experiment
about the influence of real-time MRI on amniotic fluid
temperature and intrauterine sound pressure level.

Our investigation suggests that there is no risk for the
unborn by the increase in the amniotic fluid temperature
throughout fast MRI sequences. Some of these sequences
induce high intrauterine sound pressure levels. If intra-
uterine summation levels for all three sequences exceed-
ed 100 dB(L), the third octave band levels did not exceed
100 dB for these sequences. Those frequency-dependent
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Fig. 3. a Pressure level (L weighted)-time diagram of a HASTE
whisper sequence (thick line) and a recording without MRI se-
quence (thinline). Recording started before switching on the MRI
unit (displayed by an increase at the beginning and the drop at the
end of the curve). b Third octave band analysis of the external
microphone recording (thick line) and hydrophone recording in
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Fig.4.a Pressure level (L weighted)-time diagram of a HASTE fast
sequence (thickline) and a recording without MRI sequence (thin
line). b Third octave band analysis of the external microphone
recording (thick line) and hydrophone recording inside the uterus
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Fig. 5. a Pressure level (L weighted)-time diagram of a true FISP
sequence (thick line) and a recording without MRI sequence (thin
line). b Third octave band analysis of the external microphone
recording (thick line) and hydrophone recording in the uterus
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the uterus during the HASTE whisper sequence (dashed thinline)
in comparison with a reference recording before running the MRI
sequence (thin line). The high pressure levels in the frequency
band below 63 Hz might be explained by the power frequency of
the alternating current at 50 Hz. Cursor value of the measurement
software (thin straight line).
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line). Cursor value of the measurement software (thin straight
line).
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levels are more important for risk assessment. Addition-
ally, the risk for the fetus seems to be low because of at-
tenuation of AL = 10-15 dB by sound conduction to the
fetal inner ear for the critical low-frequency energy (f <
500 Hz; [19]). However, a strict indication and limitation
of fetal MRI examinations should be demanded. Follow-
up evaluation after delivery failed to show any negative
influence of MRI on newborn’s hearing.

MRI has the big advantage of nonionising radiation
exposure to mother or child, and has been shown to have
no teratogenic or mutagenic effects on the fetus [1, 2].

MRI uses three components for image generation
from inside the body, a static magnetic field, pulsed ra-
diofrequency and time-varying gradient electromagnetic
tields. The hazard associated with radiofrequency energy
is heating of the amniotic fluid or uterine structures. Ed-
wards et al. [20] reviewed the effects of heat on embryo
and fetus. Little information is given about hazards for
the fetus by heating effects by short periods of MRI expo-
sure. Our experiments confirm the results of Levine et al.
[15] and Kawabata et al. [14] who found no risk of an in-
crease in amniotic fluid temperature throughout fast
MRI sequences. The observed difference in temperature
of 0.09 K between the beginning of our experiment and
the end (time range, 1 h) is in the normal range of the
measuring device and is most likely a quantization de-
viation. This result is in full agreement with the existing
international standard for MRI systems (IEC 60601-2-33:
2006-02: Medical electrical equipment — part 2-33: Par-
ticular requirements for the safety of magnetic resonance
equipment for medical diagnosis).

To ensure that these values are met, the specific ab-
sorption rates (SARs) are set before the imaging starts
[21]. Here, we would like to point out the results of Hand
etal. [21] who found for the fetus in part explicitly higher
levels for the local SAR compared to the SAR of the body.
Still, we cannot say how far these results influence the
fetus in vivo.

A second major concern is the acoustic noise gener-
ated in the MRI system and its effects on the fetal audi-
tory system. The noise results from the rapid switching
of the electrical currents within the gradient coils. This,
combined with the presence of a strong magnetic field,
produces significant Lorentz forces. These forces make
the coils vibrate producing a loud knocking noise.

Sound pressure levels measured by external reference
microphone are in agreement with the results of Shellock
etal. [22] who used same field strength of B =1.5T. Look-
ing at only the linear sound pressure levels, L, up to 116
dB(L) were observed during real-time sequences. The
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somewhat lower levels recorded by the external micro-
phone are due to the distance of the microphone to the
coil. This distance had to be kept because of the electro-
static attraction of the ferromagnetic parts of the micro-
phone towards the magnet.

As described by Gerhardt and Abrams [23], two fac-
tors influence the stimuli that evoke response from the
fetus - first, the attenuation for different frequencies that
is provided by the tissues and fluids surrounding the fe-
tus, and second the transmission of sound from the fluid
around the head to the inner ear [24].

In contrast to other authors [25], we could not observe
directly an intrauterine attenuation of sound from the
external to intrauterine recordings. Aware of the differ-
ence between microphone and hydrophone recordings,
we measured the deviations between the reference re-
cording before and during MRI. The obvious larger dif-
ferences in external recordings confirm the results of oth-
er reports [19, 24-26] of an attenuation of sound by ma-
ternal tissues. Other authors [27-29] report of dependence
of intra-abdominal levels on stimulus frequency and in-
tra-abdominal location of the fetal ear. Abdominal wall
enhances low-frequency sound of f;;, <200 Hz by AL <5
dB and attenuates higher-frequency sound by up to 20 dB
(23, 26, 28].

Secondly, as mentioned above, the fetal hearing is af-
fected by the transmission of the sound from the fluid
at the fetal head into the inner ear. An important fact in
this context is the sound environment of the fetus. Con-
sistent with other authors [30-32], sounds generated in-
side the mother (‘noise floor’) can reach L, levels up
to 103 dB(A). According to the current model of fetal
hearing [23], extrinsic sounds have to exceed ‘noise lev-
el’ in order to be detected by the fetus. Gerhardt et al.
[24] and Huang et al. [33] found in their experiments
with cochlear microphones in lambs an attenuation of
10-15 dB for low-frequency energy and an attenuation
of 40-50 dB for high-frequency energy (f,, > 0.5 kHz).
Interestingly, for the HASTE sequences differences in
the low frequency area reach 28 dB(L). This implies a
higher influence on fetal hearing, whereas differences in
the real-time sequences were only modest. Taking the
reported attenuation into consideration, for all three se-
quences the risk of damage to the fetal auditory system
is low.

The Committee of Hearing, Bioacoustics and Biome-
chanics of the US Department of Labor recommended
avoidance of sound pressure levels (L,,) of 90 dB(A) to
pregnant women for extended periods of time [22]. To
our knowledge there are no explicit recommendations for
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noise exposure of fetuses, however we used an Ly, of 90
dB(A) as a guideline level.

The final aspect of our examination was the impair-
ment of mother’s hearing due to the MRI. Taking into
consideration external L, levels up to 102 dB(L) in our
measurements and the results of Radomskij et al. [34] and
McJury and Shellock [35], who found a potential hearing
impairment by high sound pressure levels in MRI. Thus,
good ear protection and short-lasting examination times
are mandatory.

In conclusion, there is no risk to the unborn from in-
creased amniotic fluid temperature. MRI sequences in-
duce, in part, high intrauterine sound pressure levels. In-
trauterine summation levels for all sequences exceeded
an Lg; of 100 dB(L). Nevertheless, harm to the fetus seems
implausible due to lower unweighted levels and differ-
ences in the low-frequency band and the reported attenu-
ation of 10-15 dB by sound conduction to the fetal inner

Our small data of auditory follow-up evaluation in hu-
man neonates failed to show any negative influence of
MRI on newborn’s hearing. A hazard to the fetus is high-
ly implausible, but cannot be completely excluded. Thus,
strict indications for fetal MRI are necessary.
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